UDP-MurNAc-Ala-DGlu-Lys(N'-Ala)-DAla-DAla was isolated from extracts of Staphylococcus aureus Copenhagen. This nucleotide accumulated in media deficient in glycine. To establish its role in peptidoglycan biosynthesis, the nucleotide-hexapeptide was compared with UDP-MurNAc-Ala-DGlu-LysDAla-DAla in the reaction catalyzed by phospho-MurNAc-pentapeptide translocase and in the membrane-catalyzed nascent peptidoglycan-synthesizing system. In the exchange reaction catalyzed by the translocase, the Rmax and RmaJKm are 1.79 ,uM/min and 4.47 x 10-/min, respectively, for UDP-MurNAcpentapeptide and 1.81 AM/min and 4.46 x 10-2/min, respectively, for UDP-MurNAc-hexapeptide. In the synthesis of nascent peptidoglycan, the Vmax is 1.8 AM/min x 102 for both the nucleotide-hexapeptide and -pentapeptide. The Vmax/Km is 5.6 x 10-' and 4.3 x 10-4/min for the nucleotide-pentapeptide and -hexapeptide, respectively. Schleifer, Hammes, and Kandler (Adv. Microb. Physiol., in press) observed that growth of S. aureus Copenhagen on a glycinepoor medium results in a peptidoglycan structure in which 20% of the lysine residues are substituted at the e-amino group by L-alanine residues that do not participate in interpeptide bridge formation. The in vitro studies demonstrate that UDP-MurNAc-Ala-DGlu-Lys(N-Ala)-DAla-DAla is a possible precursor of
In Staphylococcus aureus Copenhagen, the interpeptide bridge of the peptidoglycan consists of five glycine residues (1, 19) when the organism is cultured in a glycine-rich medium. When it is grown in a glycine-poor medium, the walls show a decrease in cross-linking (K. H. Schleifer, Proc. Soc. Gen. Microbiol. 57:xiv, 1969 ; K. H. Schleifer, W. P. Hammes, and 0. Kandler, Adv. Microb. Physiol., in press). Under these conditions a significant percentage (20%) of the lysine residues of the peptidoglycan are substituted at the e-amino group by alanine residues that do not participate in interpeptide bridge formation.
Since the presence of N'-Ala-Lys dipeptide moieties in the peptidoglycan can be correlated with the degree of cross-linking in S. aureus Copenhagen, the mechanism by which this dipeptide moiety is introduced into this polymer is of interest. The biosynthesis of peptidoglycan is catalyzed by a series of membraneassociated enzymes that utilize two nucleotideactivated precursors, UDP-N-acetylglucosamine and UDP-MurNAc-Ala-DGlu-Lys-DAlaDAla. A possible precursor of the N'-Ala-Lys moiety is the UDP-MurNAc-hexapeptide:
UDP -MurNAc -Ala -DGlu -Lys(N' -Ala) -DAla-DAla. Nucleotide-activated hexapeptides have been found in two different species of' bacteria, Lactobacillus viridescens (11) and Streptococcus faecalis (9) . Membrane preparations from L. viridescens utilize the nucleotideactivated hexapeptide for the synthesis of peptidoglycan (11) . In contrast to S. aureus Copenhagen, the L-alanine residue linked to the e-amino group of' lysine derived from UDPMurNAc-hexapeptide forms an integral part of the interpeptide bridge of L. viridescens (13) and S. faecalis. In S. aureus Copenhagen it is N terminal.
It is the purpose of this paper to describe the isolation of' UDP-MurNAc-Ala-DGlu-Lys(N'-Ala)-DAla-DAla from S. aureus Copenhagen and to define conditions for its optimal accumulation. Since this nucleotide represents the possible precursor of the NE-Ala-Lys dipeptide moiety observed by Schleifer et glucose, 10 g; and K,HPO4, 5 g. Penicillin G (1,600 U/mg) was added as indicated. After incubation at 37 C in the accumulation medium (2 h), the cells were harvested and extracted with cold 10'S trichloroacetic acid (3 ml/g [wet weight] of cells). Partial removal of the trichloroacetic acid was accomplished by extraction with diethyl ether. After the pH was adjusted to 7.8, the UDP-MurNAc-peptide fraction was isolated from the other components of the cell extract by the UDP-MurNAc-hexapeptide was isolated from the UDP-MurNAc-peptide fraction by chromatography on DEAE-cellulose. This fraction was applied to a column (0.9 by 57 cm) of DEAE-cellulose, and the column was then developed with a linear gradient of ammonium bicarbonate buffer (pH 8.5; from 0.1 to 0.5 M). A typical elution pattern is shown in Fig. 1 . The partially resolved contaminant in the hexapeptide fraction was not included when the fractions were pooled. The contaminant was resolved from UDPMurNAc-hexapeptide by rechromatography, as described above, with a linear gradient of 0. 15 Amino acids were analyzed on a Durrum amino acid analyzer (model D-500) after hydrolysis of the samples with 5.7 N HCl for 12 h at 100 C. Protein was determined by the method of Lowry et al. (7), with bovine serum albumin as the standard.
RESULTS
Accumulation of UDP-MurNAc-AlaDGlu-Lys(Ne-Ala)-DAla-DAla. In preparing UDP-MurNAc-Ala-DGlu-Lys-DAla-DAla and UDP -MurNAc -Ala -DGlu -Lys(N"-Ala) -DAla-DAla from S. aureus Copenhagen, it was observed that the quantities of these nucleotides varied with the growth phase of the bacteria at the time of harvest for transfer to the accumulation medium. To determine the influence of the growth phase on the accumulation of these nucleotides, samples of S. aureus from the growth medium were harvested at different times and transferred to the accumulation medium for 2 h. In Fig. 3A the amount of each nucleotide per 1012 cells is presented as a function of the time of harvest before transfer to the accumulation medium. The incubation in this medium (2 h) does not allow growth of the cells but does result in maximal accumulation of nucleotides (8, 15) . Therefore, this plot represents the potential (or capacity) of the cells to synthesize these nucleotides at the time of their harvest from the growing culture. During the late log phase of growth, there is a large increase in the capacity for synthesis of UDP-MurNAcpentapeptide followed by a smaller increase in 1 2 3 4 5 6 7 8 Hours UDP-MurNAc-pentapeptide(Ne-Ala). The ratio of UDP-MurNAc -Ala-DGlu -Lys(NAla)-DAla-DAla to UDP-MurNAc-Ala-DGluLys-DAla-DAla increases from 0.06 at mid-log to approximately 0.15 at the transition from the late log to the stationary phase.
The effect of penicillin in the accumulation medium was tested to optimize conditions for the production of UDP-MurNAc-Ala-DGluLys(N E-Ala)-DAla-DAla. Cells were harvested from the growing culture at the time of maximal accumulation of the two nucleotides (Fig.  3A, 3 .5 h). They were transferred to accumulation medium modified in the amount of penicillin present. As shown in Fig. 3B , the concentration of penicillin in the accumulation medium has no effect on the accumulation of UDP-MurNAc-hexapeptide. The presence of penicillin results in a small decrease in the accumulation of UDP-MurNAc-pentapeptide.
Strominger and Threnn (17) In Fig. 4 , the activity of UDP-MurNAc-Ala-D Glu-Lys(N'-Ala)-DAla-DAla is compared with that of UDP-MurNAc-pentapeptide. From the Lineweaver-Burk plots (Fig. 4A, B) , values for Rmax are determined at different concentrations of UDP-MurNAc-peptide. From the intercept replot (Fig. 4C, D Table 2 , the ratios are almost identical for UDP-MurNAc-pentapeptide and -hexapeptide.
Biosynthesis of peptidoglycan(NE-Ala) with UDP -MurNAc -Ala -DGlu -Lys(N'-Ala)-DAla-DAla. Since isolated membranes from S. aureus Copenhagen prepared by several different procedures do not catalyze a high rate of peptidoglycan synthesis, we used the system from S. aureus H, prepared by the method of Strominger et al. (16) (Fig. 2) . The requirements for the synthesis of nascent peptidoglycan are summarized in To compare the effectiveness of each nucleotide in the nascent peptidoglycan-synthesizing system, the values of Vmax and Km were established from Lineweaver-Burk plots (Fig. 5) . The values obtained from these plots are compiled in Table 2 . Comparison of values for Vmax indicates that UDP-MurNAc-pentapeptide and -hexapeptide are used equally well at high substrate concentrations. The values of Vmax/Km are also similar; the Vmax/Km for UDP-MurNAc-pentapeptide is 5.6 x 10-'/min, and the Vmax/Km for UDP-MurNAc-hexapeptide is 4.3 x 10-4/min. The difference between the two nucleotides as determined in these kinetic studies is the presence of a second line segment (Fig. 5A, dotted line) is added. The relationship between glycine deficiency and UDP-MurNAc-hexapeptide production is not well understood. Since Nterminal alanine in the peptide moiety of the peptidoglycan is not further substituted in this organism, we might view the formation of the hexapeptide as a mechanism for conserving the glycine pool of the growing bacterium.
Acylation of the c-amino group of the lysine residue with L-alanine does not affect the activity catalyzed by phospho-MurNAc-pentapeptide translocase. From the results with the exchange reaction, it was concluded that the rate of undecaprenyl -diphosphate -MurNAc -hexapeptide formation is similar at both high and low substrate concentrations when compared with UDP-MurNAc-pentapeptide. With membrane preparations from L. viridescens, the rate of undecaprenyl -diphosphate -MurNAc -hexapeptide formation from UDP-MurNAc-AlaDGlu-Lys(Ne-Ala)-DAla-DAla is similar to that described for undecaprenyl-diphosphateMurNAc-pentapeptide formation (11) . Thus, acylation of residue 3 with L-alanine does not result in a discrimination against this nucleotide in the reaction catalyzed by the initial membrane-associated enzyme in peptidoglycan synthesis.
Since isolated membranes from S. aureus Copenhagen do not catalyze a high rate of nascent peptidoglycan synthesis, the membrane preparation from S. aureus H prepared by alumina grinding (16) has been used for comparing UDP-MurNAc-pentapeptide and -hexapeptide. In the concentration range of Km/2 to 5 K., UDP-MurNAc-hexapeptide is as effective as UDP-MurNAc-pentapeptide in the biosynthesis of peptidoglycan. The parameters Vmax and Vmax/Km are similar for both nucleotides. With UDP-MurNAc-pentapeptide the incorporation is characterized by a second line segment in the Lineweaver-Burk plot at low substrate concentrations. The second line segment is not observed with the hexapeptide. The results presented in this paper and those described by Schleifer et al. (in press ) suggest that in S. aureus UDP-MurNAc-hexapeptide is utilized effectively for synthesis of nascent peptidoglycan.
In L. viridescens, the N-terminal alanine of the hexapeptide serves as an acceptor at the lipid intermediate stage for an additional serine residue required for the formation of the interpeptide bridge. In contrast, on the basis of the in vivo results described by Schleifer et al., the N-terminal alanine of the hexapeptide of S. aureus Copenhagen does not function as an acceptor for the glycine residues required for interpeptide bridge formation. The presence of the N-terminal alanine decreases the number of potential interpeptide bridges for cross-linking the glycan strands. Thus, growth in a glycine-poor medium indirectly affects the degree of cross-linking of the peptidoglycan.
